Atomistic simulation techniques are used to investigate the defect properties of anatase TiO 2 and Li x TiO 2 both in the bulk and at the surfaces. Interatomic potential parameters are derived that reproduce the lattice constants of anatase, and the energies of bulk defects and surface structures are calculated. Reduction of anatase involving interstitial Ti is found to be the most favorable defect reaction in the bulk, with a lower energy than either Frenkel or Schottky reactions. The binding energies of selected defect clusters are also presented: for the Ti 3+ -Li + defect cluster, the binding energy is found to be approximately 0.5 eV, suggesting that intercalated Li ions stabilize conduction band electrons. The Li ion migration path is found to run between octahedral sites, with an activation energy of 0.45-0.65 eV for mole fractions of lithium in Li x TiO 2 of x e 0.1. The calculated surface energies are used to predict the crystal morphology, which is found to be a truncated bipyramid in which only the (101) and (001) surfaces are expressed, in accord with the available microscopy data. Calculations of defect energies at the (101) surface suggest that single Ti 3+ defects and neutral Ti 3+ -Li + pairs tend to segregate to the surface.
Introduction
Titanium dioxide (TiO 2 ) is a technologically important material with applications in photocatalysis, paints, gas sensors, electrochromic devices, lithium ion batteries, and dye-sensitized solar cells. TiO 2 crystallizes most commonly in either the rutile (space group P4 2 /mmm) or the anatase (space group I 1 /amd) phase. For bulk TiO 2 crystals at ambient conditions, rutile is more stable than anatase 1 and has therefore been more widely studied. Anatase is the more stable phase for crystals of nanometer dimensions 2 and is now becoming a technologically important material because of the facile synthesis of nanocrystalline TiO 2 and its applications in areas such as dye-sensitized solar cells (DSSCs) 3 and photocatalysis. 4 Anatase TiO 2 differs from the rutile form in that it has a lower dielectric constant and is less dense, thereby allowing lithium intercalation more readily. 5 In a dye-sensitized solar cell, the nanocrystalline anatase electrode is composed of a porous network of particles of ∼15 nm in diameter, which have been sintered together to ensure electronic contact. The electrode is sensitized with a light absorbing dye and placed in contact with a redox active electrolyte, such that photoexcitation of the dye leads to electron injection into the TiO 2 and hole collection by the electrolyte. The efficiency and rate of electron transport though the nanocrystalline anatase electrode to the external circuit are important factors controlling the performance of the device. In particular, electron transport is believed to control the rate of interfacial charge recombination, which is the main loss mechanism. 6, 7 A wide range of experimental evidence indicates that the charge transport is controlled by electron trapping (reviewed in ref 8 ), yet the nature of the trapping sites has not yet been established. Candidates are nonstoichiometric or defect species such as Ti 3+ , interstitial Ti 4+ , and interstitial Li + , as well as surface adsorbed species. Therefore, it is of considerable practical interest to investigate the defect chemistry of anatase TiO 2 to determine which defect reactions are energetically favorable, as well as to estimate the binding energies associated with possible defect clusters. Another relevant question is the preferential location of the trap sites within the film, with various reports concluding that electron traps are located predominantly at the surface of the nanoparticles, 9, 10 at the grain boundaries, 11 or uniformly though the bulk of the particles. 12 A recent study 10 provides strong evidence that the traps are located predominantly at the nanoparticle surface, and it is therefore of interest to address this conclusion via simulation.
The role of lithium ions in the DSSC is of particular interest. Lithium is added to the electrolyte to improve device performance, and it has been shown that the amount of lithium in the electrolyte controls the electron injection yield from the dye into TiO 2 13-15 and the rate of interfacial charge recombination. 16 Lithium also increases the conductivity of the TiO 2 electrodes. 17, 18 The electrochemical insertion of Li + ions into TiO 2 can be described by the equation where x is the mole fraction of Li in TiO 2 . As lithium ions enter the TiO 2 lattice, they cause electrons to enter the conduction band of TiO 2 , to compensate for the positive charge of the Li + ions. 19 At least some of these electrons reduce Ti 4+ ions to Ti 3+ . 20 The location and electrostatic effect of the Ti 3+ and Li + species are important in determining the potential distribution 25 and CeO 2 -ZrO 2 . 26 The aim of this work is to use atomistic simulation techniques to study the defect chemistry and mechanism of lithium migration in anatase TiO 2 , with a particular focus on the regime relevant to DSSCs. In this paper, we first derive potential parameters for anatase TiO 2 that reproduce the observed structure. Using these parameters, we calculate defect energies in the bulk to determine the most favorable bulk defect types. We show that Li + -Ti 3+ defect clusters are energetically favorable, and we find the path and activation energy of lithium ion migration. We calculate the surface energies to determine the most energetically stable surface structures and predict the equilibrium crystal morphology. Finally, we examine the energies of Ti 3+ and Li + defect ions as a function of distance from the surface to investigate any tendency for these ions to segregate toward or away from the surface.
Atomistic Simulation Methods
Computational techniques for atomistic simulation of ionic materials are well-established and will only briefly be explained here since comprehensive reviews are available elsewhere. 27 The simulations are based upon the Born model of the polar solid, with the short-range interatomic forces represented by effective pair potentials. It is important to note that while ions are considered to have integral charges, the electron distribution does not necessarily correspond to a fully ionic system, and the general validity of the model comes from its ability to reproduce the observed properties of a material. The Buckingham potential, φ ij , given in eq 2, is used to treat the short-range interactions where r ij is the separation of the ion centers, and A, F, and C are ion-ion parameters. The shell model, in which each ion is represented as a massless shell connected to a core by a harmonic spring, is used to take electronic polarization of ions into account. This approach has been successful in modeling dielectric and elastic properties of many ionic solids. Lattice energy calculations are combined with energy minimization methods so that structural parameters are adjusted to obtain a minimum energy configuration. These methods (as implemented in the GULP 28 computer code) are used throughout this work.
In calculating energies associated with defects in the lattice, a key aspect is to allow the lattice to relax around the defect center. The Mott-Littleton approach 27, 29 was used, in which the crystal lattice is divided into two regions: the immediate vicinity around the defect (region 1) and the rest of the solid (region 2). In region 1, where the effect of the defect is strong, each atom is treated explicitly and allowed full relaxation, while the rest of the crystal is treated by quasi-continuum methods. With reliable interatomic potentials and a sufficiently large defect region, these simulation methods give accurate values of lattice polarization and Coulomb energies.
The oxide surface was modeled using techniques similar to those used to model the bulk. Whereas the bulk structure and properties were calculated assuming an infinite three-dimensional crystal lattice, the crystal surface is considered as a stack of planes periodic in two dimensions, with the ions near the surface allowed to relax from their ideal lattice positions. The computer code METADISE (Minimum Energy Techniques Applied to Dislocation Interface and Surface Energies), which has been applied to surface structures of other oxides, 30,31 was used to simulate the surfaces of TiO 2 and Li x TiO 2 . In this method, the structure and energy of a surface are obtained by relaxing the ions to their mechanical equilibrium positions. This is achieved via a two region approach in which the ion coordinates in the surface region are adjusted so that they experience zero net force, while those ions that are distant from the surface are kept fixed at their bulk equilibrium positions. The sizes of the surface regions were chosen to be large enough to ensure that the surface energy had converged.
The surface energy per unit area, γ ι , of a particular surface is calculated from the difference between the energy of the surface block, E surf , and the energy of the same number of bulk ions, E bulk , per unit area, thus
The crystal morphology was predicted from the surface energies using a method 31 based on Wulff's theorem, 32 itself based on the proposal, due to Gibbs, that the total surface energy, γ, for a given volume should be minimized at equilibrium where γ i and A i are the surface energy and the surface area of the ith crystallographic face, respectively. This approach is only valid for crystals grown with all faces in equilibrium and does not take into account kinetic factors such as growth rate, but it does allow for relaxation of the surface and is well-suited to exploring nanoscale crystallites. 33 Mackrodt and co-workers 34 have shown that this surface relaxation is an essential prerequisite in the prediction of correct morphologies for other oxide systems, namely, R-Al 2 O 3 and R-Fe 2 O 3 . Similar methods have been used to explore the crystal morphologies of other inorganic solids such as calcites, 35 zeolites, 36 and perovskite oxides, 37 where the calculated morphologies agree well with observation.
Results and Discussion
Structural Modeling. The interatomic potential and shell model parameters used in this work to model anatase TiO 2 are listed in Table 1 . The lattice parameters and dielectric constants of anatase calculated using these parameters are listed in Table  2 . The calculated lattice parameters are within 3% of the experimental values. The calculated dielectric constants in the ab plane ( ⊥ ) and parallel to the c axis ( | ) of 7.3 and 8.4, respectively, are at the lower end of the range of experimentally determined values 38-41 but are not unreasonable given the scatter in the experimental values. The experimental values for rutile are significantly higher than for anatase, with | exceeding ⊥ ( | ) 173, ⊥ ) 89 42 ). These higher values suggest that interactions between defects are likely to be shorter-ranged in rutile than in anatase because of screening effects.
A range of parameter sets from previous studies of TiO 2 (in most cases rutile) [43] [44] [45] [46] was also applied to the anatase structure. However, none of these reproduced both the anatase structure
and the dielectric constants simultaneously but resulted in either large deviations in the lattice parameters or negative dielectric constants. The potentials developed in this work were refined from previous potentials of Grimes 44 using successive NewtonRaphson iterations, with the goal of finding a parameter set that yields values of both the structural parameters and the dielectric constants that are in the range of experimental values, while including electronic polarization in the model. We stress that this has not been a trivial task. Ion polarizability is essential to the accurate calculation of energies of charged defects since distortion of electron clouds is an important local relaxation mechanism. Bulk Defects. The energies for the creation of various isolated point defects, namely, titanium and oxygen vacancies and titanium, lithium, and oxygen interstitials, were calculated using the potentials given in Table 1 and are presented in Table 3 . For example, to calculate the energy of a vacancy, an ion has to be removed from the lattice and placed at an infinite distance. Also given in Table 3 is the position of the lowest energy interstitial site for each species, which was found by placing the corresponding ion at various positions in the unit cell and allowing the structure to relax. The Ti 4+ and Li + interstitials always relax to symmetrically equivalent octahedral sites in the anatase cell, as illustrated in Figure 1 .
The energies of the isolated point defects in Table 3 were used to calculate the energies of intrinsic Schottky and Frenkel defect mechanisms as well as reduction and oxidation processes in anatase. The Schottky and Frenkel reactions, given in Table  4 , are both energetically unfavorable.
Reaction energies for three redox reactions were calculated and are shown in Table 5 . The energies required to add an electron or a hole to Ti 4+ and O 2-, respectively, were also calculated. As in previous work on transition metal oxides, 23, 24 these charge states were treated as small polaron species. The most energetically favorable reaction is the reduction reaction involving interstitial Ti 4+ , the release of O 2 , and the formation of electrons (in the form of Ti 3+ ). The calculated value of 11.3 eV is in accord with experimentally determined reduction energies of Knauth and Tuller (9.6 ( 0.8 eV 48 ), Baumard et al. (10.6 eV 49 ), and Blumenthal (10.67 eV 50 ). The magnitudes of the values suggest that the concentration of such defects will not be high. Therefore, TiO 2 may not be readily characterized as either a Frenkel or a Schottky material because it undergoes reduction more readily than either of those reactions. This conclusion is in broad agreement with the results of Knauth and Tuller, 48 who explained the ionic conductivity behavior of nanocrystalline anatase in terms of a mechanism involving both Frenkel and Ti reduction reactions. In contrast, rutile is usually characterized in terms of either a Frenkel or a Schottky reaction, although there is controversy over the dominant defect reaction. [50] [51] [52] [53] [54] [55] Defect Clusters. It is well-known that interactions between charged defects can lead to defect clustering or trapping in metal oxides. We first considered several defect clusters consisting of Ti 3+ species, which are given in Table 6 along with their calculated binding energies. The binding energy of a defect cluster, E binding , was defined as the difference between the energy of the clustered group (E cluster ) and the energy of the isolated defects (E individual defect )
A negative value of E binding indicates that the formation of the cluster is energetically favorable (i.e., the defect cluster is bound). It is interesting to note that the binding energy for the Defect clusters consisting of Li interstitials (Li i • ) and Ti 3+ electronic species were also studied, and the resulting binding energies are given in Table 7 . The binding energy for the [Li i
• -Ti Ti ′ ] neutral pair is calculated to be -0.5 eV, which indicates that it is energetically favorable for a Li + interstitial to bind to a Ti 3+ ion. Furthermore, the negative binding energy for a cluster containing a Li + interstitial and two Ti 3+ lattice defects suggests that Li + interstitials promote Ti 3+ clustering. This is consistent with a wide range of experimental studies that indicate electrons become trapped at titanium sites, reducing Ti 4+ to Ti 3+ , during lithium intercalation. Södergren et al. 20 used XPS measurements to show that as Li + intercalates, Ti 3+ species are created, suggesting that electrons become trapped in localized states that reduce Ti 4+ to Ti 3+ . Wagemaker et al. 56 used X-ray absorption to show that Li intercalation results in the occupation of the crystal-field split Ti 3d t(2g) orbitals. From time dependent measurements of the optical absorption and fluorescence of nanocrystalline TiO 2 films under cathodic bias in LiClO 4 propylene carbonate, Kang et al. 57 found that as Li + intercalates, electrons fill shallow traps located between 0.1 and 0.6 eV below the conduction band, which is consistent with our calculated binding energy of -0.5 eV. The positive binding energies for the second and third clusters in Table 7 indicate that clusters that carry a high net charge are not favorable.
We have shown that the most likely defect reaction for anatase is a reduction reaction involving the release of oxygen gas and the movement of a lattice Ti 4+ to an interstitial site, resulting in the injection of four electrons into the Ti 3d levels that form the conduction band. The Ti 3+ sites so formed find it energetically favorable to cluster with interstitial Ti 4+ or Li + ions, so acting as electron traps. In applications such as the DSSC, where electrons are injected into the conduction band of TiO 2 , these results suggest that electron traps will include Ti lattice sites close to Ti 4+ or Li + interstitials.
Li + Migration. We studied the migration of interstitial Li + by first locating the lowest energy interstitial sites and then studying the pathways between these sites. Li + interstitials were placed at various positions in the anatase unit cell and allowed to relax to the lowest energy locations. The most favorable locations were found to be at octahedral holes in which the lithium is surrounded by six oxygen atoms (Figure 1) .
Various paths between these minimum energy sites were then explored by calculating the energies of Li + ions fixed at various points between neighboring interstitial sites. It was found that the migration path follows a zigzag route from one octahedral hole to the next, crossing a saddle point halfway between the octahedral holes, as shown in Figure 1 . These results provide no evidence that Li + migration is preferentially along the c axis, as in rutile, 42 or as suggested by Koudriachova et al. for anatase. 58, 59 The finding of a minimum energy octahedral site is consistent with experimental observations of Murphy et al. 60 and Cava et al. 61 who concluded, from neutron diffraction studies of the anatase to Li 0.5 TiO 2 phase transformation, that Li + ions reside on the octahedral sites, and this finding is broadly consistent with studies that identify two distinct sites for Li + occupation near the center of distorted oxygen octahedra. 62 A zigzag Li + migration path was also found by Lunell et al. 63 using periodic Hartree-Fock calculations.
The activation energy for Li + migration was defined as the difference between the saddle point energy and the octahedral site energy and was calculated for different values of the lithium content, x, in Li x TiO 2 . The results are listed in Table 8 . We recognize that our use of a mean field approach introduces uncertainties in the magnitude of the resulting activation energies. Nevertheless, our main concern has been to probe the trends for low lithium content and determine the atomic scale mechanism for Li + migration, and for such purposes, these mean field methods have been found to be valuable. 23 The calculated activation energies in Table 8 intercalation of Li + and Na + found that the diffusion barrier for both ions is 0.5 eV, even though the radius of Na + is larger, which led to the conclusion that the ability of the ion to polarize its environment is the primary factor controlling the diffusion activation energy. 63 The trend toward lower activation energies with higher lithium content, seen in Table 8 , is consistent with Wagemaker's 66 argument that the activation energy for lithiated anatase (Li 0.03 TiO 2 ) is higher than for lithium titanate (Li 0.5 TiO 2 ) because the higher concentration of electrons leads to stronger electronic screening of the interaction between neighboring occupied interstitial sites. Surface Structures and Morphology. The surface energies of several low index anatase planes were calculated using the methods outlined in Atomistic Simulation Methods. The energies of the relaxed surfaces are given in Table 9 . The relaxed energy is lower than the unrelaxed energy by 54 and 24% for the (101) and (001) surfaces, respectively, which indicates the importance of modeling the surface relaxation. The crystal morphology resulting from the surface energies in Table 10 using Wulff's theorem is the truncated bipyramid shown in Figure 2a . The predominant plane expressed is (101) since it has the lowest energy and is therefore the most stable. The only other plane expressed is the (001) plane. Both of these planes are indicated in the anatase unit cell shown in Figure 2b . These results are in accord with experimental evidence of the crystal morphology from microscopy studies. 67 Moreover, Hengerer et al. found that anatase single crystals have a truncated bipyramid habit exhibiting mainly the (101) and (001) surfaces, which they examine using secondary-electron imaging and low energy electron diffraction. 68, 69 In addition, our work is compatible with other computational studies of TiO 2 surfaces that use either potential charge models 70 or DFT methods. 71 The displacements of the atoms in the (001) and (101) surface planes upon relaxation are given in Tables 10 and 11 , respectively, with atom labels shown in Figure 3 . The results for the relaxed (001) surface show the same trends as those found by Lazzeri et al. 72 using electronic structure calculations. a Atoms are as labeled in Figure 3 . Table 10 for (001) and Table 11 for (101). a Atoms are as labeled in Figure 3 .
The outermost oxygen ions (O1) push away from the surface, causing a lateral distortion in the next plane of oxygen ions (O2) and causing the Ti1 ions to shift slightly inward toward the bulk. The relaxed (101) surface has both 5-and 6-fold coordinated titanium ions (labeled Ti1 and Ti2, respectively, in Figure 3 ) as well as 2-and 3-fold coordinated oxygen ions (O1 and O2, respectively). The fully coordinated Ti2 and O2 ions have the greatest displacement from the ideal bulk positions. Surface Defects and Li + Insertion. To study the tendency of defects to segregate toward or away from the surface, the defect energy of two major defects, an isolated Ti 3+ lattice site species, and a Ti 3+ -interstitial Li + pair, [Ti Ti ′-Li i
• ] were studied as a function of distance from the (101) surface. The (101) surface was chosen because it is the most stable anatase surface. The calculated defect energy for an isolated Ti 3+ defect located in the outermost plane and in the five next-nearest planes is shown as a function of the plane index in Figure 4a . The defect energy at the outermost surface plane has the lowest value and suggests that Ti 3+ defects will segregate to the surface. The calculated defect energy of a charge-neutral Ti 3+ -Li + defect cluster is shown as a function of a plane index in Figure 4b . Again, the lowest energy is found for the outermost plane, suggesting that defect segregation toward the surface is likely to occur.
The lattice relaxation that accompanies Li + insertion into the four outermost surface planes from the (101) surface was calculated by placing a Li + ion and a Ti 3+ ion in the various positions indicated in Table 12 and Figure 5 . Table 12 lists the maximum displacements of neighboring lattice ions relative to the unrelaxed surface. These results show, first, that there are strong local deformations of the lattice around the lithium interstitial, such that the nearest oxygen is displaced by as much as ∼0.4 Å. Second, there is a trend suggesting that the titanium ions are displaced more when the negative end of the Ti 3+ -Li + dipole points outward from the surface than when it points inward toward the bulk. This is consistent with experimental evidence that Li + ions accumulate at the surface and form a Li + rich phase. These results suggest that the reconstruction of the anatase surfaces and the chemisorption of water at the anatase surfaces warrant further study. A study of the effect of a polar solvent environment on both defect segregation and surface structure would be of particular relevance to anatase films used in DSSCs but is beyond the scope of the present paper.
Conclusions
Computer simulation techniques have been used to investigate the defect, lithium migration, and surface properties of anatase TiO 2 . This atomic scale information is of relevance to the promising technological applications of anatase such as dyesensitized solar cells and lithium ion batteries. Our main conclusions are as follows:
(1) interatomic potentials were developed that reproduce the anatase crystal structure in good agreement with the observed structure (within 3%). It was found that the intrinsic defect structure of anatase is not dominated by either Frenkel or Schottky reactions but by reduction involving the formation of Ti 4+ interstitials and Ti 3+ small polarons.
(2) Interactions between charged defects were investigated to probe possible defect association. Ti 3+ -Li + [Ti Ti ′ -Li i • ] defect clusters were found to be stable with a binding energy of ∼0.5 eV, which is consistent with observations of electron trapping near intercalated Li species.
(3) The Li + ion is found to migrate through the bulk via a path connecting octahedral interstitial sites. The calculated activation energy for Li x TiO 2 lies in the range of 0.45-0.65 eV for Li + fractions of x < 0.10. Li + ions, through their ability to intercalate and diffuse at room temperature, are therefore expected to play an important role in the bulk system as well as the surface defect chemistry of nanocrystalline anatase electrodes. 
